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Abstract. An estimation of the contribution of mineral dust from disturbed
soils (i.e., soils affected by human activity and/or climate variability) to the total
atmospheric mineral aerosol load is presented. A three—dimensional atmospheric
dust transport model was used to simulate the distribution of dust optical thickness
in response to individual dust sources, which include natural soils known to have
been affected by the Saharan/Sahelian boundary shift, cultivation, deforestation,
and wind erosion. The distributions extracted from advanced very high resolution
radiometer (AVHRR) optical thickness retrievals were used to constrain likely
source combinations. The results indicate that observed features like the seasonal
shift of maximum optical thickness caused by Saharan dust over the Atlantic ocean
are best reproduced if disturbed sources contribute 30-50% of the total atmospheric

dust loading.

1. Introduction

The magnitude of radiative forcing and climate im-
pact of aerosols is still largely uncertain. For an im-
proved understanding of these processes, sources and
atmospheric distribution of the different aerosol species
have to be quantified.

Mineral dust is an aeroso! type with one of the high-
est atmospheric mass loadings on a global scale besides
sea—salt aerosol. The global source strength of mineral
aerosol is currently estimated to a value between 1000
and 5000 Mt yr~! [e.g., Schitz, 1980; Duce ef al., 1991,
Andreae, 1994), compared to several hundred Mt yr™!
for sulfate aerosol [e.g., Andreae, 1994]. Mineral dust is
also a predominant feature in satellite observations of
acrosol optical thickness [Rao et al, 1988] where dust
plumes from the North African deserts over the North
Atlantic ocean and over the Arabian Sea can clearly be
recognized. In those areas the retrieved dust optical
thicknesses can reach values of 0.6 to 1. The radiative
impact of desert dust can be expected to be significant
in areas with high dust loadings.

The term “radiative forcing” is generally used to de-
scribe the impact of anthropogenic atmospheric compo-
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nents on the Earth’s radiation budget. In estimates of
the radiative impact of aerosol types, mineral dust is
usually classified as “natural” aerosol together with sea
salt and volcanic aerosol, in contrast to “anthropogenic”
aerosol like sulfate and nitrate aerosol from industrial
emissions and soot from biomass burning. [e.g., An-
dreae, 1994]. The classification of mineral dust as “nat-
ural aerosol” is misleading if “natural” is interpreted as
“not influenced by human activity”, because the pro-
duction of atmospheric mineral dust without doubt in-
creases in areas where the soil surface is disrupted by
agricultural activities or new soil surfaces are exposed to
wind erosion through deforestation and shifting desert
boundaries. For example, in the United States the high-
est dust production occurs in the area known in the
1930s and 1950s as “dust bowl”, an area where the soil
was disrupted by cultivation. The relative contribution
of each source type to the atmospheric dust load is un-
known, as dust measurements do not give information
about the source type. Penner et al. [1994] states that
anthropogenic mineral aerosol exists due to desertifica-
tion and deforestation, but gives no estimate about the
order of magnitude of the anthropogenic contribution
to the atmospheric dust load.

The assumption that the non-natural sources, which
are located at the semi-arid desert fringes rather than in
the deserts themselves, contribute a major part of the
atmospheric dust load is supported by various observa-
tions. Satellite observations [Rao et al., 1988], ship mea-
surements [MeDonald, 1938}, and observations of dust
concentrations in Barbados and French Guyana [Pros-
pero et al., 1981; Prospero and Nees, 1986] show that
the location of the Saharan dust plume, which extends
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over the North Atlantic ocean and transports dust over
far distances toward South America, is subject to a sea-
sonal shift following the Innertropical Convergence Zone
(ITCZ). In the northern hemisphere winter, this dust
plume is located around 5°-15°N, that is, south of the
Sahara, while in the northern hemisphere summer, it 1s
located around 15-25°N. These observations imply that
this dust seems to originate from the Sahel region rather
from the Saharan desert. Prospero and Nees [1986] re-
port a strong increase in Saharan dust concentrations
measured at Barbados from the mid-1960s to the mid-
1980s, which is well correlated with the rainfall deficit in
the Sahel since the late 1960s [Lamb et al., 1986], while
many authors find that dust production is only weakly
correlated with mean rainfall in the source regions [e.g.,
Pye, 1987]. This finding also indicates that the Sahel,
which is in contrast to the Saharan desert affected by
cultivation, deforestation and overgrazing [Middelton,
1992; World Resources Institute, 1992], contributes sig-
nificantly to the atmospheric dust load. Furthermore,
Australia does not seem to export mineral dust into the
Pacific ocean in a comparable order of magnitude as the
North African deserts to the Atlantic Ocean, although
the main vegetation types of Australia are desert and
shrub land [Matthews, 1983].

In a transport model of mineral dust [Tegen and
Fung, 1994], where only natural mineral dust sources
were considered, the seasonal shift of the Saharan dust
plume could not be reproduced, and the export of min-
eral dust from Australia was by far overestimated. This
supports further the hypothesis that the atmospheric
dust load cannot be explained by natural sources alone.

To obtain an estimate about which part of the dust
load is caused by wind deflation from undisturbed soil
and and which part originates from source areas influ-
enced by human activity, we derived dust distributions
for several different possible source types with the trans-
port model described by Tegen and Fung [1994].

2. Mineral Dust Model

The desert dust transport model is described in detail
by Tegen and Fung [1994]. It uses four different parti-
cle size classes which were treated as separate tracers.
Particle sizes were derived from the 1°x1° data set of
soil types and particle sizes [Zobler, 1986; Webb et al.,
1991], where the fractions of three major size classes
are given as percentages of total soil mass in each grid
box. The size classes are sand (particle radius larger
than 25-pm diameter), silt (particle radius between 1
and 25 ym), and clay (particles smaller than 1 pm).

We assumed dust mobilization to be possible when
the soil matric potential is higher than 10*J/kg, using
monthly mean soil water contents as derived by Bouw-
man et al. [1993].

Several empirical studies show that the amount of
uplifted dust follows [Gillette, 1978],

o = C(u—u”)UQ, (1)
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where ¢, 1s the dust flux from the surface, u is the sur-
face wind speed, and vy, is a threshold velocity. The
threshold surface wind speed at 10-m height is taken to
be 6.5ms™1, corresponding to Kalma et al. [1988]. We
assumed the dimensional factor C' to be constant for all
size classes. To resolve high-frequency events in space
and time, we used European Centre for Medium Range
Weather Forecasts (ECMWF) (Tropical Ocean-Global
Atmosphere (TOGA) Analysis) wind products (10 m-
surface winds) with a spatial resolution of 1.125°x1.125°
and 6-hour time resolution. With this parameterization
the seasonal variation of dust uplift is described by the
seasonality of surface winds and soil wetness.

The dust transport in the atmosphere was calcu-
lated using the three—dimensional Goddard Institute for
Space Studies (GISS) tracer model (8°x10° horizon-
tal resolution, nine vertical atmospheric layers) [e.g.,
Prather et al., 1987; Fung et al., 1983], where source
and sink terms were included. The model transports
tracers by wind fields and subgrid-scale mixing statis-
tics extracted from the GISS general circulation model
(GCM).

Dust 1s removed from the atmosphere by wet and
dry deposition. Wet deposition 1s parameterized using
a scavenging ratio (the ratio of aerosol mass per unit
rain mass and aerosol mass per unit air mass) Z = 700
with high—frequency precipitation statistics applied to
monthly mean climatological precipitation data [Shea,
1986]. Dry deposition was described by gravitational
settling and turbulent mixing as in Genthon [1992].

From this calculated atmospheric dust distribution,
optical thicknesses 7 were derived, using 7 = Q7n#?N
and M = %71',0?’3, where N is the number of particles,
p 1s the particle density, 7 1s a representative particle
size, and @ is a extinction geometry factor with @ ~ 2
for large particles [Fouquart et al., 1987]. We calcu-
lated the optical thickness with “typical” particle sizes
of » = 4 um for small silt, and » = 0.6 um for clay, as-
suming a lognormal clay particle size distribution and
a minimum size of 0.5 ym for individually uplifted clay
particles in the atmosphere. Because of increased adhe-
sive and cohesive forces due to their increased surface
area, smaller particles tend to agglomerate and stick to
larger particles [Gilleite et al., 1974]. Therefore we as-
sumed that particles smaller than 0.5 pm are not avail-
able for wind erosion.

3. Dust Source Types

Given sufficiently low soil moisture and high surface
wind speed, dust production can originate from various
sources. Dust deflation can occur in deserts or sparsely
vegetated areas, in cultivated land outside of the grow-
ing season, of in areas where the soil surface is freshly
exposed to wind erosion after the vegetation cover is
removed. The source strength for dust production, as
well as the size distribution of the dust uplifted, may
vary for different source types.

In the following, we separate dust source areas into
two main classes: “natural” and “disturbed”. “Nat-
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ural” sources are assumed to have been acting for a
long time, like deserts, whereas “disturbed” sources are
those influenced by human activity (like cultivated or
deforested areas) or by climate variability (like the Sa-
haran/Sahelian boundary shifts).

Dust flux from disturbed sources may be stronger
than dust flux from natural sources for two main rea-
sons: freshly exposed soil can contain more fine material
like silt {(which contributes the major part of mineral
aerosol) than “aged” soil surfaces, where fine material
is likely to have been blown out already. For exam-
ple, stabilized sand dunes do not act as dust sources
[Pye, 1987]. Also, in cultivated areas the soil surface is
in general disrupted by agricultural practices, in which
case a lower threshold surface wind speed is sufficient to
start dust deflation compared to undisturbed soil sur-
faces [Gilletie, 1978; Gillette et al., 1980].

Because of the short lifetime of dust in the atmo-
sphere, we further divided “disturbed” sources accord-
ing to their age into “old” and “recent” sources. By
old sources, we mean areas where erosion is reported in
the last 50 years, while recent sources are areas where
changes in soil surface conditions occurred during the
last decade. “Old, disturbed” areas are further subdi-
vided into two: those where erosion was, or was not, as-
sociated with cultivation. “Recent disturbed” areas are
subdivided into three: those associated with the Saha-
ran/Sahelian boundary shift, recently cultivated areas,
and recently deforested areas (but where cultivation is
not reported).

The above classification results in six different dust
source types, which are described in detail below. All
source data sets were calculated in 1°x1° resolution.

Natural Sources
NS Deserts and sparsely vegetated soils;
Old Disturbed Sources
OA cultivated eroded soils; and
OFE uncultivated eroded soils;
Recently Disturbed Sources
RB Saharan/Sahelian boundary shift;
RC recently cultivated areas; and
RD recently deforested areas.

The source strength of each source type is expressed as
the percentage of area of each 1°x1° grid box is given
that may act as a source of mineral dust, given sufficient
low soil moisture and high surface wind speed.

Natural sources (NS)

Desert, grassland, and shrub lands are assumed to
be natural dust sources. To obtain the distribution
of the natural source regions, the vegetation data of
Matthews [1983] was used to exclude regions with tall
vegetation (e.g., forests) as possible dust sotrce regions.
Lithosols, as extracted from the soil type data set of
Zobler [1986], were also excluded as possible sources.
This soil type is defined as consisting of hard rock with
less than 10—cm soil cover, and occur in mountainous
regions (e.g., Hinialayas), where dust production is un-
likely [Littmann, 1991].
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The contemporary distribution was obtained by sub-
tracting the percentage of cultivated area [Matthews,
1983] from each 1°x1° grid box designated as a likely
natural source. In grid bokes where no cultivation is
recorded, three cases were investigated: the fraction of
soil area that can act as dust source was assumed to be
10% (NS1), 50% (NS2), and 100% for Asian sources and
50% for other continents (NS3). Satellite observations
that were used for constraining the dust export from
the arid regions give only information about aerosol op-
tical thicknesses over the ocean, that is, dust export
from North Africa and Australia. In Asia, large loess
deposits exist that may act as stronger dust sources
compared to the sandy soils of the Sahara, this differ-
ence might be underestimated by the soil texture data
set [Zobler, 1986] which was used to describe the ini-
tial soil particle size distribution. Condition NS3 was
chosen to take the possibility into account that Asian
deserts might be more productive dust sources than the
North African or Australian deserts.

0Old disturbed sources

Middelton [1992] and World Resources Institute [1992]
describe regions where the soil is degraded as a result
of deforestation, overgrazing, agricultural activities and
overexploitation of vegetation for domestic use. They
also report the percentage of area on each continent
where the topsoil is affected by wind erosion. From the
maps given in Middelton [1992], we identified countries
where deflation of topsoil is reported. The percentage
of area per grid box affected by erosion was chosen in a
way that for each continent, the sum of affected areas
per grid box agrees with the total area per continent.
The latitudes between 18° and 28°N of the African con-
tinent were not included for this dust source type, as no
soil degradation due to human activities is reported in
the Saharan desert. In this way we obtained “continen-
tal source strengths” of this source type with additional
regional information. The eroded soil areas were subdi-
vided into cultivated and uncultivated areas.

Cultivated eroded soils (OA). The fraction of
cultivated land per 1°x1° grid box is given in Matthews
[1983] as five classes of cultivation intensity. As the
most recent information used to compile the cultivation
intensity data set was dated in the 1970s, we assumed
that the regions identified in this data set have been dis-
turbed for over 20 years. The cultivated areas that are
colocated with erosion according to Middelton [1992]
and World Resources Institute [1992] were included in
this dust source class.

No dust deflation is assumed to take place during the
growing season, when the root systems are supposedly
holding the soil in place. For an estimation of the time
period when the soil in cultivated areas is bare, the nor-
malized difference vegetation index (NDVI) was used.
During phiotosynthesis, green leaves absorb incident so-
lar radiation at visible wavelengths strongly, but absorb
less than 10% radiation in the near infrared. Therefore
the difference in radiances in these spectral regions can
be used as a measure for density of green vegetation.
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NDVI is defined as

Cnir—Cvirs

NDVI =
Cnir+ Cvirs

(2)
where Cy s and Cnrg are reflected radiances at visible
and in the near infrared wavelengths. The NDVI usu-
ally ranges from < 0.02 for desert areas to > 0.5 for fully
developed green canopies [ Fung et al., 1987]. The NDVI
data were calculated using radiances measured by the
advanced very high resolution radiometer {AVHRR) in-
strument on board the NOAA series of polar-orbiting
satellites. The mean monthly NDVI values were calcu-
lated for the years 1983 to 1987.

A threshold of NDVI < 0.07 was chosen, above which
the ground cover by vegetation was assumed to be dense
enough to inhibit dust deflation. This value agrees with
the NDVI value for the 200 mmyr~! precipitation iso-
line given by Tucker et al. [1991]

Uncultivated eroded soils (OE). Uncultivated
eroded soils are those areas where erosion, but no culti-
vation, is reported. In these areas, the erosion is likely
caused by overgrazing. Because livestock is not ex-
plicitly reported in the cultivation data set [Matthews,
1983], we obtained the percentage of affected area per
continent for this source type by subtracting the per-
centage of cultivated area (OA) from the total eroded
area.

Recentiy Disturbed Sources

We assume that recent dust sources to be those with
origin 1 the past 20 years.

Saharan/Sahelian boundary shift (RB). Tuck-
er et al. [1991] describe the Saharan/Sahelian boundary
shift between the years 1980 and 1990. They report an
average shift of the 200mmyr™! precipitation isoline
from about 16°N to 15°N during that time period. It is
unclear whether the Saharan/Sahelian boundary shift
is caused by human activity like overgrazing or a con-
sequence of natural variability [Tucker et al., 1991].

We assumed this area to be a potential dust source,
where 100% of the areas in those 1°x1° grid boxes
which lie within the affected area are assumed to be
dust sources. In grid boxes where also erosion (OA and
OE) is reported, the fraction of eroded soil per grid box
1s subtracted from this source type so that the source
area can not exceed 100% of the grid box if both source
types are considered.

As the area affected by the Saharan/Sahelian bound-
ary shift is only 6% of the total area of the Sahara, no
noticeable difference in dust distributions would be ob-
tained by adding this area to the natural dust sources
(NS), if the emission factors for the disturbed and nat-
ural sources were the same.

Recently cultivated areas (RC). Soil surface
newly disrupted for cultivation may act as dust sources.
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The decadal increase in cultivated area (cropland and
pastures) per country is given between the years 1979
and 1989 in World Resources Institute [1992], and is ex-
pressed, for our study, as the percentage of newly culti-
vated land per country between 1979 and 1989. In con-
trast to the “old” cultivated sources, not only cropland
but also pasture was considered to be cultivated land
in this case. The newly cultivated lands were assumed
to be uniformly distributed in each country, excluding
deserts as identified by Maithews [1983] and areas with
population densities less than 1000/km?.

Recently deforested areas (RD). Deforestation,
occurring mostly as a result of population pressures,
leaves freshly exposed soils that may act as dust sources.
The decrease in the area covered by forest per coun-
try is given between the years 1979 and 1989 in World
Resources Institute [1992]. As for RC, we obtained the
percentage of deforested land area per country from the
statistics in World Resources Institute [1992] for the
years 1979-1989. Deforestation was assumed to take
place in those areas described as forest or woodland by
Matthews [1983] and where the population density is
higher than 1000/km?.

. As the source types RC and RD are most likely not
independent of each other, we combined them into one
source type (RL) which describes land use change. We
assumed that in countries where deforestation and in-
crease in cultivated area were reported simultaneously
during 1979 and 1989, the deforested area is completely
converted into cultivated land. This may lead to an un-
derestimation of the recent dust source area, but this
error is probably smaller than the error that would be
introduced by assuming these source types to be inde-
pendent of each other.

Plate 1 summarizes the geographical distribution of
the source types described above. The colors indicate
the areas where the different dust source types are pos-
sible. In the case of the recent sources it is indicated
whether deforestation or conversion into cultivated land
is predominant in the respective country. No indication
about source strengths is given in the map. Overlap of
different disturbed sources occurs only in a few areas,
such as the Southern United States, Sahel, and Near
East where both erosion and recent land use change is
reported (types 5 and 6 in the map). In those areas
the source strengths of the different types were added,
assuming that in those cases the different source types
were independent. The error that i1s introduced by this
combination of sources 1s likely to be small, because
in general the percentage of areas affected by land use
changes per grid box are about an order of magnitude
smaller than the percentage of area affected by erosion.

"able 1 summarizes for each source type the area
per continent that may act as a dust source when low
soil moisture and high surface wind speed occur. With
this parameterization of the different source types, 10-
67% of area per continent may act as a natural dust
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Plate 1. Geographical distribution of the different source types of mineral aerosol.

source, this source type is predominant with respect to
the area. Old sources cover 0.4-4.1% of the continents,
while recent sources cover 0.01 to 2.5 of the continaental
area. These values are upper limits for areas that might
act as dust source.

Figures la-le show the annual mean optical thick-
nesses that are calculated with the transport model
for each individual source type. The source strength
of each source type was scaled with an annual global
dust source strength of 3000 Mt yr~! which is the “best
guess” global estimate from Tegen and Fung [1994].
Figures la-1c all show relatively high dust optical thick-
nesses over the North Atlantic ocean west of the Sahara,
over the Pacific ocean east of China, and over the Ara-
bian Sea; these features show general agreement with
satellite retrievals of optical thickness [Rao et al., 1988].

4. Requirements for Contributions
From Dust Source Types

Observed dust concentrations and optical thicknesses
originate from several different source types. We at-
tempted to combine the model results obtained from
the individual source types in a way that calculated
dust concentrations and optical thicknesses match ob-
served features. This would yield an estimate of the
contribution from disturbed sources to the atmospheric
dust load.

There are only a few estimates of the production of
mineral dust mass per continent [e.g., Goudie, 1983;
Duce et al., 1991], and most of them are derived from
sedimentation rates into the ocean [e.g., Sirokko and
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Sarntheim, 1989]. These estimations do not include

dust deposited on land relatively close to the source ar-

eas. Another problem in the estimation of dust source
° strengths is the high variability of dust production in
space and time. Therefore to obtain an estimate of the
contribution of the various source types to the atmo-
spheric mineral dust load, we compared regional sea-
sonal variations resulting from different source distri-
butions rather than total dust amounts.

We chose the following requirements that should be
met by the calculated dust distribution.

1. A well-observed feature is the seasonal shift of
the Saharan dust plume over the North Atlantic, fol-
lowing the I'TCZ. The maximum dust concentration in
the northern hemisphere summer is observed at 20°N
and at 10°N in northern hemisphere winter. This sea-
sonal shift is observed in ship measurements [McDon-
ald, 1938], satellite observations [Rao et al., 1988], and
measurements of dust concentration at Barbados and
French Guyana [Prespero et al., 1981; Prospero and
Nees, 1986]. Figure 2 shows a latitudinal cross section
at 20°W of AVHRR optical thickness retrievals [Igna-
tov et al., 1995; Rao et al., 1988] for summer (JJA)
and winter (DJF) 1990. A shift of the maximum op-
tical thickness between 20°N in JJA and 9°N in DJF
can be seen clearly. The usual explanation for this shift
in the location of maximum dust concentration is the
changing wind patterns by season [Oort, 1983]. Nev-
ertheless, results from transport models of desert dust
[Joussaume, 1990; Wefers and Jaenicke, 1990; Tegen
and Fung, 1994)], while showing a certain seasonal shift
in the Saharan dust plume, all show maximum dust
concentrations around 20°N rather than 10°N in the
northern hemisphere winter, which is in disagreement
with the observations.

A requirement for our modeled source distribution
was chosen that the modeled dust concentration should
reproduce this seasonal shift. It turns out that dust
distribution from each source type reproduces the dust
maximum at 20°N in northern hemisphere summer.
Therefore the following requirement should be fulfilled
by the modeled dust concentrations: The optical thick-
ness over the North Atlantic Ocean west of the Sahara
in the northern hemisphere winter should be lower at
20°N (r30) than at 10°N (r9). We calculated mini-
mum amount of anthropogenic contribution to the at-
mospheric dust load that is necessary to meet the fol-
lowing requirements, respectively:

§= g >0 (Condition 1a),

Oceania
882
67
0.5
1.4
0
0.003
0.05
0.05

South America
1768
38
0.4
0.9
0
2.2
2
2.5

North America
2191
18
0.6
1.2
0
0.7
0.2
0.8

Europe

951
10
4.1
0.4

0.007

0.005

0.010

1.9
0.2
0.4

Asia
4256
26
2.0
0.5

1.6

0.3
0.5
0.6

2966
54
1.3
4.7

Africa

Global
13014
34
1.2
2.0
0.4
0.5
0.5
0.7

b= gEii s > 07 (Condition 1b).

The value of § & 1 of condition 1b is taken from the
AVHRR optical thickness retrievals by Rao et al [1988],
allowing for an optical thickness of 0.06 due to biomass
burning at 10°N. This value is estimated by using es-
timations for smoke emissions from burning of forests,
savannahs, and grasslands by Andreae [1991], and cal-
culating smoke distribution for 1 year with the GISS

OE Eroded Soil, not cultivated (%)
RB Sahara Boundary Shift (%)
RC Cultivated Area, recent (%)

RD Deforested Area (%)
RL Land use change (RC+RD)(%)

Total Land Area (10'°m?)
NS Natural Sources (%)
OA Eroded Soll, cultivated (%)

Source Type

Table 1. Percentage of Land Area Per Continent That Can Potentially Act as Dust Source for Different Source Types
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tracer model. Optical thicknesses of biomass burning
smoke were calculated with the assumption of a parti-
cle density of 1g/cm® and a mass—averaged radius of
0.3 um [Penner et al., 1992].

2. Australia is probably not a strong source of desert
dust compared to other arid regions. Maximum dust

0.2
Optical Thickness
Figure 1. Annual mean optical thicknesses calculated with the transport model for each individ-
ual source type. (a) Natural sources (NS), (b) eroded, cultivated soil (OE) (c) eroded, uncultivated
soil (OA) (d) land use change (deforestation, new cultivated areas) (RL) (e) Saharan Boundary

shift (RB).

storm frequencies reported there are 15dyr~!, com-

pared to 30-60days year~! in various regions of Asia
[Pye, 1987]. Optical thickness retrievals [Rao et al.,
1988] over the Pacific close to Australia usually do not
exceed 0.1, compared with more than 0.4 at the loca-
tion of the Saharan dust plume over the North Atlantic
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Figure 1. (continued)

or the maximum optical thickness over the Arabian sea
in July and August of up to 0.6 and 1. As the absolute
value of dust optical thickness retrieval from satellite
data is uncertain, we applied the following requirement
to the calculated dust optical thicknesses.

P = Tar/Taus > 3 (Condition 2),

where 7,,, i1s the maximum dust optical thickness over
the South Pacific in the model grid boxes next to Aus-

tralia, and 74, 1s the maximum dust optical thickness
modeled over the Arabian Sea.

3. The seasonal variation of dust storm frequencies
is well observed at several locations. Modeled sea-
sonal variations of the mineral dust load should be
in agreement with these observations. Observed sea-
sonal variations in dust storm frequencies reported by
Littmann [1991] in China (maximum: April), Sahel
(maximum: February - April), India (maximum: June),
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Figure 1. (continued)

and Middle East (maximum: July - August) were com-
pared to the modeled seasonal variations of dust concen-
trations for the different source types at those locations.

For conditions 1a and 1b to be useful, we must first
establish that the reasons for the model’s failure to re-
produce the seasonal shift in maximum optical thick-
ness between 10° and 20°N in the Atlantic is caused by
an unrealistic source distribution and not by an unre-
alistic wind field in the transport calculation. In Fig-
ures 3a and 3b the wind vectors of the first model layer
for the northern hemisphere winter in the Sahara/Sahel
region are compared with the corresponding wind vec-
tors from observations [Oort, 1983]. Additionally shown
1s the isoline of the optical thickness of 0.3 from the
AVHRR satellite retrieval of aerosol optical thickness.

b

]

3

g2

5}

=

= .

'_d‘
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o .
0 X aitve? L .!:l 1
-90 -60 -30 O 30 60 90

Latitude
Figure 2. Latitudinal cross section at 20°W of

AVHRR optical thickness retrievals for summer (JJA)
and winter (DJF) 1990.

The model winds underestimate the north-south advec-
tion and overestimate the east-west advection over the
Sahara. It might be possible that more realistic model
winds would reproduce the seasonal shift of the Saha-
ran dust plume for desert sources. On the other hand,
the dust model of Wefers and Jaenicke [1990] which
is based on monthly mean wind fields from Oort [1983]
also shows a maximuin in dust optical thickness at 20°N
rather than at 10°N in winter for a desert source. Also,
the location of the grid box we used to calculate § is ac-
tually located between 8° and 16°N; slightly northward
of the miaximum optical thickness located between 6°
and 12°N in the AVHRR retrieval. Taking the weaker
north-south advection for the model winds into account,
it can be argued that the air masses carrying maximum
dust optical thickness have crossed approximately the
same areas in the model as in the real world. Therefore
we assume the conditions la and 1b can be used with
our transport model. For the month of January, the
dust transport has been calculated additionally with
the new 4° x 5° version of the GISS GCM [Druyan
et al., 1994] where north/south advection of the model
winds over North Africa is more realistic. The results of
that experiment agreed with the results for the 8° x 10°
tracer model winds. Nevertheless, this point has to be
further addressed in the future, for example, by using
more realistic model winds or validating the assump-
tions about the origin of the air masses by means of
other tracers.

5. Experiments and Results

Table 2 summarizes results of the tracer model for
the individual sources. It gives the areal extent of the



TEGEN AND FUNG: MINERAL DUST FROM DISTURBED SOILS

18,716
(a)
40
0]
T
b
- 20
]
©
A
O_
-40
Longitude
—P = 7.000e+00
(b)
40 A
A
0
e}
8 -
-~ 20_
S
© -
A
] -
-
O T
-40

Longitude

—P =1.200e+01
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Sahara/Sahel region and corresponding wind vectors from observations [Oort, 1983] (b).

The

contour line describes the isoline of optical thickness of 0.3 from the AVHRR satellite retrieval of

optical thickness.

sources in the model as well as the areas expressed as
percentage of total land area. The difference between
these percentages and the percentage values in Table
1 is that these values describe the fraction of the area
where the surface wind speed is sufficiently high and
the soil moisture is sufficiently low to allow dust de-
flation. For most source types about 10% of the global

“potential” source area is an “active” source area in the
model. In the case of “old” sources, about 20-25% of
the “potential” source area is active. Including the Sa-
haran/Sahelian boundary shift, the recent source areas
are only about 20% of the old source areas.

The values for § = Tg(l}o}ﬁlro;ﬁ and p = 74/ Taus
are also given in Table 2 for the individual sources.



Tar/Taus
1.9

1.9

2.9

3.0

p

-T2

6 = O.ST(T10+T20)
-0.28
-0.28

Land Area, %
-0.2

780

Table 2. Total Areas and Percentages of Global Land Area Ahat are Active Dust Sources in the Model (Sufficient High Wind Speed and
Area, 1019m?

Low Soil Moisture Occurs) and Dust Properties From These Sources

NS1, Natural Sources !

Source type
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Condition la (§ > 0) is not satisfied for the natural
sources NS1-NS3, but for all disturbed source types
(0.05 < § < 0.53). No source type alone fulfills con-
dition 1b (6§ > 0.7). This may be due to incomplete
representation of aerosols from biomass burning to the
total aerosol optical thickness: we included the burn-
ing of forests, savannas, and grasslands and did not
consider smoke from fuel wood burning due to lack of
information. Therefore no mixture of natural and an-
thropogenic dust will fulfill condition 1b. Condition 2
(p > 3) cannot be fulfilled for source types RD (defor-
estation) or RL (land use change). These source types
are unlikely to be the only dust sources. For the natural
dust sources, p is 1.9-2.9, slightly below the observed
value of > 3 for (condition 2). Thus natural sources
alone cannot meet the required conditions 1a and 2.
On the other hand, with exception of RD and RL, all
anthropogenic sources fulfill those conditions.

We estimated the minimum contribution from dis-
turbed dust sources to the global atmospheric dust load
necessary to fulfill the conditions 1a and 2 for nine sce-
narios that are summarized in Table 3. As we are con-
sidering the seasonal and regional variation in dust dis-
tributions rather than the total dust mass, the source
strengths of experiments were scaled to a total global
dust source strength of 3000 Mt/yr for the sum of all
source types.

Experiments 1-3 are combinations of natural sources
NS2 (50% of the area is possible dust source) and “old”
sources OA and OE. Experiments 4-6 are combinations
of NS2 and “recent” sources RD, RL, and RB. Exper-
iments 7-9 are combinations of natural with old and
recent sources. In experiment 7 (combination C1) the
disturbed sources include cultivated (OA) and unculti-
vated eroded soil (OE) and land use change (RL), but
not the Saharan/Sahelian boundary shift. In experi-
ment 8 (C2) the disturbed soils include also the Saha-
ran/Sahelian boundary shift (RB). Experiment 9 (C3)
i1s a combination of disturbed sources corresponding to
experiment 8 and natural sources NS3 (Asian deserts
being twice as productive as deserts from other conti-
nents) '

In the experiments with more than one disturbed
source type, these sources were assumed to have an
identical emission factor (1) for each source type (i.e.,
1-m? of cultivated area produces the same amount of
dust as 1-m? deforested area at the same wind speed).
The total source strengths (disturbed plus undisturbed
sources) are scaled to a total annual emission of 3000 Mt
dust.

Figures 4a—4c show the dependency of the ratio § =
0_57.(7121720) on the percentage of dust mass from dis-
turbed sources for each experiment, respectively. From
these curves the necessary minimum contribution from
disturbed sources to fulfill condition 1a (§ > 0) can be
obtained. These results are summarized in Table 3. The
minimum disturbance contribution to fulfill condition
1a lies between 8 and 88%. The condition 1b (§ > 0.7)
cannot be fulfilled for any source combination.

1.6

7.0
17.3

0.53

0.05

0.17
0.6

3
4
0.3
0.4
0.07
0.05

390
510
36
44
9
6

1100% of area each grid box acts as source
250% of area each gridbox acts as-source
3 Asian deserts 100%, other deserts 50%

RB, Sahara boundary shift

NS2, Natural Sources 2
NS3, Natural Sources 3
‘OA, Eroded soil, cultivated
OE, Eroded soil, not cult.
RL, Land use change
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Table 3. Minimum Percentage of Anthropogenic Dust Per Source Type, Depending on Conditions 1a (6§ > 0) and 2 (p > 3) and Emission

Factors for the Case of 50% Disturbance Contribution to Total Atmospheric Dust Mass, 3000 Mt yr~!

Emission Factor Emission Factor

Condition 2*

Condition la*

Source Types

Experiment

pgs’m™?

pgs®m=°
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*The minimum contribution for disturbance sources to fulfill condition la and 2.
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To fulfill condition 2 (p > 3) (Figures 4d—4e) at least
5-73% has to originate from disturbed sources (Table
3). In the case of experiments 3 and 4, the maximum
value for p is below 3, therefore condition 2 cannot
be fulfilled for these experiments. For the experiment
where we assumed Asian deserts to be twice as strong
dust sources than deserts from other continents (exper-
iment 9), the required minimum contribution of dis-
turbed dust mass is 33% to meet both conditions la
and 2; for all other source type the minimum contri-
bution is more than 40%. Although the results for the
different sources differ widely, they indicate that at least
30% of the atmospheric dust load should originate from
disturbed sources with the chosen source type parame-
terization.

For the same global emission, the dimensional “emis-
sion factor” C from (1) would be different for each
source type, as each source type has different areal cov-
erage. Table 3 shows the emission factors for exper-
iments 1-9 for a contribution of 50% from disturbed
sources to the atmospheric dust load, that is, the natu-
ral and the sum of disturbed sources each have a global
source strength of 1500 Mt yr~!. From measurements
reporied by Gillette [1978] and Jaenicke [1988], emis-
sion factors of about 0.5-2ugs?m™° for undisturbed
soils can be deduced. For a 50% contribution from dis-
turbed to the total dust load, the value of 0.6 ugs?m=°
for NS2 (50% of area act as dust source) appears to be
realistic. (If 100% of the undisturbed source areas were
a potential dust source (NS1), this the emission fac-
tor would be 0.3 ugs? m~>, which is probably too low).
The emission factors thus obtained for disturbed sources
are higher than the natural sources by factors of 4-300.
This agrees with the results of Gillette [1978], who ob-
served in wind tunnel experiments that the amount of
deflated dust is about 1 order of magnitude higher for
disturbed soils than for undisturbed soils. The high
values of the emission factor for the recent sources (ex-
periments 4-6) of 43-179 ugs?m™35 would certainly be
upper limits, as it is highly unlikely that these sources
are the only disturbed source types.

Consideration of the emission factor leads to an ad-
ditional constraint on the estimate of the disturbance
contribution to the dust load. Westphal [1987] states
that only 10% of the Sahara is a potential dust source. If
this condition is applied globally for all natural sources,
emission factors between 0.5 and 2 ugs?m~° would re-
sult for global source strengths between 300 and 1000
Mtyr~!. Assuming a total global source strength of
3000 Mt yr—", 2000-2700Mt dust per year would have
to originate from disturbed soil. These calculations sug-
gest that 60-90% of the atmospheric dust load would
have to originate from other sources, that is, disturbed
soils.

The seasonal variations of modeled dust concentra-
tion are shown in Figures 5a-5d at the locations China,
India, Middle East (Iran), and Sahel, compared to ob-
served seasonal variations reported by Littmann [1991].
All source types reproduce the observed seasonal vari-
ation reasonably well. This shows that at these sites
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(a) China
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Month

seasonal variations in dust concentration are caused by
changing patterns of surface wind speed and soil mots-
ture rather than by the difference in the geographic dis-
tribution of the various source types. The seasonal vari-
ation at those sites therefore cannot be used as an ad-
ditional constraint on the contributions from individual
source types.

Plate 2a and 2b shows the resulting modeled dust
source strengths for the case of 50% contribution to the
dust load from natural soils and disturbed soils (com-
bined sources, experiment 8), respectively. The global
annual dust emission for each of both source types is
set to to 1500 Mt yr~!. The modeled major dust source
areas in North America, Asia, and Australia are in good
agreement with areas of high dust storm activities re-
ported by for example, Pye [1987]. For the United
States, the areas of modeled maximum dust emission
from disturbed soils (parts of Oklahoma, Texas and
Kansas) agree with areas of maximum dust produc-
tion between 100° and 105°W reported by [Gilletie and
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Figure 5: Seasonal variations of modeled dust concentration at the locations (a) China, (b)
India, (c) Middle East (Iran), and (d) Sahel, compared to observed seasonal variations reported

by Littmann [1991] in relative units.

Hanson, 1989]. Gillette and Sinclair [1990] find that
about 60% of the dust emission in the United States
is caused by local convective circulations (dust devils).
They estimate a dust flux of about 6 g/(m?yr) for par-
ticles smaller than 25 ym caused by dust devils. This is
in agreement with the modeled dust flux from natural
sources, which is about 10 g/(m?yr) in North America
{only particles smaller than 50 um were considered in
the dust transport model).

Figures 6a and 6b show the seasonal variation of
modeled dust optical thicknesses for the case of 50%
contribution from disturbed soils to the total dust load
for the experiment 8 (best guess), compared to the sea-
sonal variations for only natural sources NS (Figure 6¢
and 6d). As in all experiments with dust contribution
from disturbed soils, the seasonal shift of the Saharan
dust plume following the I'TCZ is better reproduced for
the best guess case compared to the case of only natural
dust. All experiments reproduce the maximum in dust
optical thickness over the Arabian sea during northern
hemisphere summer.
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Plate 2. Modeled annual dust emission from (a) natural and (b) disturbed soils for the case of
50% contribution from disturbed soils to the total dust load. The global annual dust emission

for each of both source types is 1500 Mt yr—!.

Figure 7 compares the difference in optical thick-
ness between winter and summer month at a latitude
of 20°W, as estimated from the AVHRR data prod-
uct, the model results for only natural sources, and the
best guess result (experiment 8 with 50% contribution
of dust from disturbed sources). Obviously, the sea-
sonal shift of the Saharan/Sahelian dust plume is bet-
ter reproduced for the case of 50% dust from disturbed
sources.

For the best guess case, we calculated not only the
ratio (p) of dust optical thickness over Saudi Arabia to
that over Australia, but also the ratios of optical thick-
ness at several other locations over the ocean to the op-
tical thickness at Australia during northern hemisphere
winter. The locations chosen were regions where the
optical thickness can be expected to be strongly influ-

enced by dust aerosol: (30°N, 30°W), (20°N, 30°W),
(10°N, 60°E), and (10°S, 5°E) in northern hemisphere
summer, (40°N, 150°E) in northern hemisphere spring,
and (10°N, 30°W) in northern hemisphere winter. The
comparison of the modeled optical thickness ratios with
the AVHRR optical thickness ratios is shown in Figure
8 for the best guess case and for only natural sources.
If the optical thickness ratios for the best guess model
case are corrected for biomass burning optical thick-
ness, the results are almost linear with the AVHRR
optical thickness ratios. In the case of the model re-
sults for only natural sources, the ratios are generally
smaller than the observations, as the dust optical thick-
ness over Australia is relatively high for this case. Also
they are not linear with the AVHRR optical thickness
ratios. This supports further the assumption of a con-
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Figure 6. Modeled dust optical thicknesses for the case of 50% contribution from disturbed
soils to the dust load for the experiment 8 (best guess) for (a) December—February and (b) June—
August, and seasonal variations for only natural sources NS for (¢) December-February and (d)

June-August.

siderable contribution from dust from disturbed sources
to the atmospheric dust load.

Figures 9a and 9b show the annual mean optical
thickness for the best guess case in comparison with
the annual mean of the AVHRR optical thickness data
product (for the year 1990). The comparison shows that
the calculated optical thickness correspond well to the

optical thickness retrievals over the ocean, but also em-
phazises the need of satellite measurements of aerosols
over land. Although few attempts of satellite optical
thickness retrievals of dust over land have been made
[e.g., Fraser, 1993], these are limited to well-known dust
events and are only possible over dark surfaces.
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Figure 6. (continued)
6. Conclusions likely at least 50% of the dust is of disturbed origin.

The results from the model experiments with dif-
ferent source indicate that certain observed seasonal
dust distributions can be reproduced only if disturbed
sources are taken into account. Furthermore, with the
chosen dust source parameterizations the requirements
for dust source distributions are fulfilled only if at least
30% of the dust originates from disturbed sources. More

Even a higher contribution of disturbed dust would be
in agreement with the model results. This part of the
atmospheric dust load that originates from disturbed
soils, can be interpreted as “anthropogenic” dust.

One problem of the dust model experiments is the as-
sumption that dust production in all natural source ar-
eas like deserts and sparsely vegetated areas is modeled
using the same dependency on surface wind speed and
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itude of 20°W, as estimated from the AVHRR ddta
product, the model results for only natural sources, and
the best guess result (experiment 8 with 50% contribu-
tion of dust from disturbed sources).
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soil moisture. In the real world, areas with, say, Wadi
sediments or loess deposits, act as stronger sources of
dust compared to crusted desert surface. This regional
variability was not included in the parameterization of
natural dust sources. Also, dust production caused by
human activities like road building or military traffic in
arid regions was not included in the parameterization of
disturbed dust sources. Nevertheless, the calculations
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Figure 8. Comparison of the optical thickness ratios
(ratios of optical thicknesses at several ocean locations
and the optical thickness in the months December—
February above the ocean near Australia) of modeled
optical thicknesses for the best guess case (with and
without correction for biomass burning) and for only
natural sources with the AVHRR optical thickness ra-
tios.

give a first-order estimate of contributions from differ-
ent large-scale dust sources.

The radiative effect of dust is not well known. As it
is absorbing in thermal wavelengths and absorbing and
reflecting at solar wavelengths, it will supposedly influ-
ence atmospheric heating rates in areas with high dust
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Figure 9. Annual mean optical thickness for (a) the best guess model result, and (b) the annual
mean of the AVHRR optical thickness retrievals for the year 1990 {Ignatov et al., 1995; Rao et al.,
1988].
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Figure 9. (continued)

loading. If, as our calculations indicate, a large part of
the dust load is anthropogenic, this effect needs to be
taken into account in estimates of the human impact on
the Earth’s climate. On the other hand, climate change
will in turn influence the dust production. Feedback
mechanisms can be anticipated between climate condi-
tions and dust production.
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